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Signatures of gravitational fixed points at the LHC 
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We study quantum-gravitational signatures at the Large Hadron Collider (LHC) in the context 
of theories with extra spatial dimensions and a low fundamental Planck scale in the TeV range. 
Implications of a gravitational fixed point at high energies are worked out using Wilson's renormal- 
isation group. We find that relevant cross-sections involving virtual gravitons become finite. Based 
on gravitational lepton pair production we conclude that the LHC is sensitive to a fundamental 
Planck scale of up to 6 TeV. 



Introduction. — The fascinating idea that the funda- 
mental scale of gravity, the Planck scale, is connected 
to the scale of electroweak symmetry breaking - within 
a higher dimensional setting - has stimulated extensive 
model building and phenomenology pj]. Central to these 
scenarios is that gravity propagates in the higher dimen- 
sional bulk, while Standard Model (SM) particles are of- 
ten confined to the four-dimensional brane. Most inter- 
estingly, the hypothesis of a fundamental Planck scale in 
the TeV energy range can be tested at high-energy col- 
liders. In this way, the LHC becomes sensitive to the 
dynamics of gravity, and could possibly become the first 
experiment able to establish evidence for the quantisation 
of gravity. 

The phenomenology of quantum gravity at hadron col- 
liders ij, .3, 4] is based on direct graviton production like 
— > jet -|- G, leading to missing energy signatures; vir- 
tual graviton exchange in Standard Model reference pro- 
cesses like pp £'^£~, leading to deviations in critical 
distributions; and the production and decay of mini-black 
holes. The first two processes are standard search chan- 
nels for physics beyond the SM. In the context of low- 
scale quantum gravity, they have been studied within 
effective field theory f^], which allows for a well con- 
trolled description as long as the relevant momentum 
scales are sufficiently below an ultraviolet (UV) cutoff 
of the order of the fundamental Planck scale Md ■ Near 
the Planck scale and above, an understanding of gravi- 
tational interactions requires an explicit quantum theory 
for gravity. It has been suggested that a local quan- 
tum theory of gravity in terms of the metric field may 
very well exist on a non-perturbative level [sj, despite 
its perturbative non-renormalisability. This asymptotic 
safety scenario requires the existence of a non-trivial UV 
fixed point for quantum gravity under the renormalisa- 
tion group (RG). In four dimensions, growing evidence 
for an UV fixed point has arisen recently, based on RG 



111 ] for reviews) and lattice 



studies [7 J^, y, LLiJJ (.see 

simulations 1^. This picture has also been extended to 
higher dimensions [3, [l^]- Hence, asymptotically safe 
gravity provides an excellent starting point to access the 
quantum gravitational domain. 



In this Letter, we study implications of gravitational 
fixed points on lepton pair production pp £^£~ 
through graviton exchange in scenarios with large extra 
dimensions. The main new ingredient is the non-trivial 
RG running of the gravitational sector in higher dimen- 
sions [loL [13]. We first discuss basic implications of a 
gravitational fixed point. We then show that fixed point 
scaling leads to a finite virtual graviton amplitude. We 
compute the effective cross sections and the 5a discovery 
reach for the fundamental Planck scale at LHC energies. 

Gravitational fixed point. — We begin with a discussion 
of structural implications of gravitational fixed points 
and consider a Callan-Symanzik type equation for the 
gravitational coupling G with respect to a momentum 
scale /i in D dimensions , [m . In terms of the running 
dimcnsionlcss gravitational coupling g(/i) = G(/i)/i^^^ = 



GqZq^{h)h 



D-2 



it reads 



Pi 



^ d.9(/i) 
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= {D-2 + iMl^) , 



(1) 



Here rj — —iid^j. In Zq denotes the anomalous dimension 
of the graviton. We assume that the fundamental ac- 
tion is local in the metric field. The wave function fac- 
tor is normalised as Zq{plq) = 1 at some reference scale 
/iQ with G(/io) given by Newton's constant Gq. In gen- 
eral, the anomalous dimension depends on all couplings 
of the theory. Due to its structure, ^ can achieve two 
types of fixed points. At small coupling, the anomalous 
dimension vanishes and g = corresponds to the non- 
interacting (i.e. Gaussian) fixed point of ([1]). This fixed 
point dominates the deep infrared (IR) region of gravity 
where /i — > 0. In turn, an interacting fixed point g.^, may 
be achieved if the anomalous dimension of the graviton 
becomes non-perturbatively large. 



= 2-D. 



(2) 



Hence, a non-trivial fixed point of quantum gravity in 
D > 2 implies a negative integer value for the graviton 
anomalous dimension, precisely counter-balancing the 
canonical dimension of G. This behaviour implies 
that the gravitational coupling constant scales as 
G(/i) — ^ .9*/m^^^ the vicinity of a non-trivial fixed 
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point. In the UV limit where /x — > oo, the gravitational 
coupling G{fi) becomes arbitrarily weak. 

Wilson's renormalisation group. — Now we turn to RG 
flows for gravity and consider the effective action Fj, 



(3) 



where k denotes the Wilsonian RG scale replacing the 
scale /i introduced in ([1]), and R{g) denotes the Ricci 
scalar. The dots in ^ stand for the cosmological con- 
stant, higher dimensional operators in the metric field, 
gravity-matter interactions, a classical gauge flxing and 
ghost terms. In Wilson's approach, all couplings in ([3]) 
become running couplings as functions of the momen- 
tum scale k. For k <^ Mo, the gravitational sector is 
well-approximated by the Einstein-Hilbcrt action with 
Gk ~ Go, and similarily for the gravity-matter cou- 
plings. The corresponding operators scale canonically. 
At /c w Mjj and above, the non-trivial RG running of 
gravitational couplings becomes important. The Wilso- 
nian RG flow for an action ([3]) is given by an exact dif- 
ferential equation [^, 14 1 



dtVk 



1 



Tr ( F^.'^ + Ru ] dtRk 



(4) 



j_similar to those known for 



and t = In fc. The trace stands for a momentum inte- 
gration and a sum over indices and flelds, and Rk{q^) 
denotes an appropriate infrared cutoff function at mo- 
mentum scale ~ fc^ ,15,] . Diffeomorphism invariance 
under local coordinate transformations is controlled by 
modified Ward identities 
non-Abelian gauge theories [16| 

Running couplings. — To illustrate the main RG effects 
we approximate ([3]) by the Ricci scalar and discuss the 
running of gk , following fl3\ . The inclusion of a cosmolog- 
ical constant modifies the approach towards fixed point 
scaling [l3| without altering the central pattern relevant 
for the discussion below. Using ^ and ([3]), we find [l3] 



{1 - 4Dg){D - 2)g 
I -{2D- 4)5 



2{D-i){D + 2)g 
2{D-2)g-X 



where g has been rescaled by a numerical factor. We 
observe a Gaussian fixed point, and a non-Gaussian one 
at — 1/(41)). Integrating the fiow ([5]) gives 
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ko 



(6) 



with initial condition go a.t k — ko, and 9^q = 2D . 
The result ([6]) holds for generic momentum cutoff, only 
(7* and the scalingexponent 0ng depend slightly on the 
cutoff choice 13, 



13j. Inserting the running coupling ^ 
into (O shows that the anomalous dimension displays a 
smooth cross-over between the IR domain k <^ fctr where 




Figure 1: Running anomalous dimensions (upper panel) and 
gravitational couplings (lower panel) from ([5]) and ^ for D — 
4 + n dimensions with n — 1, - ■ ■ ,7 (from right to left). The 
cross-over takes place at the respective Planck scale. 

?7 « and the UV domain k ^ fctr where r] ^ 2 — D 
(see Fig. [T]), and k appropriately normalised with fctr of 
the order of the Planck scale. We note that the cross- 
over regime becomes narrower with increasing dimension. 

Gravitational dilepton production. — Now we turn to 
scenarios with large extra dimensions where gravity prop- 
agates in the D dimensional bulk and matter fields live 
on a four-dimensional brane [l|. The four-dimensional 
Planck scale Mpi is related to the size L of the n ex- 
tra dimensions and the Z?-dimensional Planck scale Mo 
as Afpi ^ M^{MoL)" . A fundamental Planck scale in 
the TeV range requires 1/L ^ AIo- Virtual graviton 
effects, as opposed to real graviton emission, are more 
sensitive to an underlying UV fixed point Hence we 
consider dilepton production through virtual gravitons. 
To lowest order in canonical dimension, this is generated 
through an effective dimension-8 operator in the effective 
action, involving four fermions and a graviton [3. [itI. [T§| . 
Tree-level graviton exchange is described by an ampli- 
tude A = S - T, where T = T^^T'^'' - ^Tj^T;; is a 
function of the energy-momentum tensor, and 



Sn-l 



dm m" ^ P{s,m) 



(7) 



withS*,,-! = 2WVr(n/2) is a function of the scalar part 
P{s,m) of the graviton propagator ^, [l3,[I3|- The inte- 
gration over the Kaluza-Klein (KK) masses m, which we 
can take as continuous, reflects that gravity propagates in 
the higher-dimensional bulk. If the graviton anomalous 
dimension is small |?7| <C 1, the propagator is 



P(s, m) = (s + m^) 



(8) 



This is valid if the relevant momentum transfer is <C Mo . 
It is well known that ([7]) with ([5]) is UV divergent for 
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Figure 2: The 5cr discovery contours in Md at the LHC, shown as a function of a cutoff A on -Bparton for an assumed integrated 
luminosity of 10 fb~^. Thin lines show a ±10% variation of kti about Md, the straight line is Mp^'^ — A. The leveling-off at 
M™''" ~ A reflects the gravitational UV fixed point. To enhance the reach we require m^'"=min(Mj3/3, 2 TeV). 



> 2 0. Implementing an UV cutoff A as the 
upper integration boundary in I?]), and using ([S]), gives 



5a 



1 



n-2 M% 



A 



l + O 



aO 



(9) 



The strong cutoff dependence shows that ([7]) with ([5]) 
is dominated in the UV by the Kaluza-Klein modes, if 
n > 2. In Wilson's approach ([5]), the graviton's anoma- 
lous dimension 77 and its scale dependence have to be 
taken into account. Technically this is implemented by 



matching the RG scale k with p 



T? , the rele- 



vant scale of the propagator entering ([7]) , and fctr of the 
order of the Planck scale. For the dressed propagator 
l/{ZG{k) this leads to a behaviour ~ p-2(i-';(p)/2) 
With (l2|), this becomes '-^ [p^)^^/"^ for large p^, as op- 
posed to the p~^ behaviour in the perturbative domain. 
Applying this RG improvement to ([8]), we are lead to 



r n+2 



P(s, m) 



[s + m2)"/2+2 



(10) 



in the vicinity of an UV fixed point. The observation 
central for our purposes is that (O with (|10p is finite 
even in the UV limit of the integration. The large 
anomalous dimension in asymptotically safe gravity 
suffices to provide for a finite dilepton production rate. 

We emphasize that our RG improvement is conce 
tually different from the form factor introduced in [1 
The latter employs the matching fc^ ~ s, implying 
that Kaluza-Klein modes are treated perturbatively. 
Consequently, and unlike here, the form factor method 
[Tit still requires an UV cutoff to render ([7]) finite, 
analogous to ([9]) within effective field theory. 

Results. — The task to evaluate dilepton rates via the 
RG improvement of ([7]) is simplified by noticing that the 
anomalous dimension displays a rapid cross-over from 
IR to UV scaling (see Fig. [T|) in particular in higher di- 
mensions. Therefore we use (|5]) in the IR regime where 
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Figure 3: Comparison of normalized distributions of the par- 
tonic energy -Eparton for the dimension-8 operator correction 
to Drell-Yan production at the LHC (n = 3). Full line: 
present work, dashed line: approximation @ with A = Md- 



k < ktr and pOjl for the UV regime k > fctr, fctr = Mu- 
Since the integral at hadron colliders is sensitive to a 
gluon-density induced bias towards the smallest possible 
s, we retain for simplicity the leading term in s/Af|, in 
either regime. 

In Fig. [5] we display the discovery potential in Mr, at 
the LHC. Taking into account the leading backgrounds 
we compute the minimal signal cross section for which a 
5cT excess is observed, assuming statistical errors. (See 
[3] for technical details.) This minimal cross section 
translates into a maximum reach Mf^'^^. Consistency is 
checked by introducing an artificial cutoff A on the par- 
tonic energy [18!], setting the partonic signal cross sec- 
tion to zero for i^parton > A. This cutoff is not required 
in our approach and for sufficiently large A, Mf^'^^ be- 
comes independent of it. This is nicely seen in Fig. [2] 
once A > Md. The fact that M]^'"'' levels off at about 
A « Mf^'^^ reflects the onset of the underlying UV fixed 
point. To estimate uncertainties in our approximations, 
we allow for a 10% variation in fctr, leading to mild varia- 
tions in Fig. [2] of a similar magnitude, slightly increasing 
with n. 
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cr[fb] 


n — 3 


n — 6 


Md 


2 TeV 5 TeV 8 TeV 


2 TeV 5 TeV 8 TeV 


a) 


2270 1.41 0.0317 


2220 1.36 0.031 


b) 


408 1.24 0.0317 


398 1.21 0.031 


c) 


173 0.72 0.0204 


66 0.28 0.008 



Table I: Comparison of dilepton production rates at the LHC 
after acceptance cuts. See main text for the definitions of a), 
b) and c). All rates use mS'"=min(MD/3, 2 TeV). 

In Fig. [3] we show the normahzed i?parton distributions 
for Drell-Yan production including KK gravitons for 
71 = 3 and M^i — 5 and 8 TeV. In contrast to Fig. [2] 
we do not apply any mu cut here. The solid curves 
represent our fixed point analysis. The entire iSparton 
range contributes to the rate as long as there is a sizeable 
parton luminosity. The dashed curves correspond to the 
approximation ^ with UV cutoff A = AId- Obviously, 
there are no contributions above -Eparton = A. The two 
sets of curves do not scale in a simple manner because 
Standard Model and KK amplitudes interfere. For small 
^-parton the interference term is significant, whereas for 
large -Eparton there is hardly any SM contribution. 

In Tab. U we show the LHC production cross-section 
for dileptons, n — 3 and 6. Our fixed point results are 
given in a) and b). In a), we retain the leading term 
of ([7]) in s/M^. In b), we additionally implement the 
leading large-s suppression starting at AIjj. In c) we 
introduce a cutoff in m and partonic energy at M^, 
following For large Af^, « 5 - 8 TeV the LHC has 
little sensitivity to quantum gravitational effects and we 
find only small differences between a) and b). Here, the 
difference between b) and c) is due to the Kaluza Klein 
sector. For small Mu « 2 TeV, a) — c) lead to significant 
differences which originate from physics at and beyond 
the fundamental Planck scale, omitted in c). 

Finally, we comment on possible extensions. We 
have taken only the non-trivial anomalous dimension 
of the graviton into account, which is the dominant 
effect in asymptotically safe gravity. Vertex corrections 
can equally be studied Systematic expansions of 

Wilson's flow ([4]) in iV-point functions work very well in 
other theories, e.g. infrared QCD [23|. For the physical 
observables studied here, we expect vertex corrections to 
be subleading because the relevant momentum integrals 
are dynamically suppressed above the Planck scale. 
Our simple matching in the cross-over regime can be 
extended by implementing the explicit RG running of 
r], using the results of [lO, The variation in the 

matching scale (Fig. should cover these uncertainties. 

Conclusions. — We have laid out a framework to study 
quantum-gravitational effects at high energies within 
Wilson's renormahsation group. We appHed this to lep- 
ton pair production through virtual graviton exchange in 
scenarios with large extra dimensions. The main new ef- 
fects are dictated by a gravitational UV fixed point above 



the Planck scale. Remarkably, the renormahsation group 
improvement advocated here results in finite cross sec- 
tions for gravitational lepton pair production, and leads 
to controlled experimental signatures at the LHC already 
at low integrated luminosity. This indicates that asymp- 
totically safe gravity could be detectable at hadron col- 
liders, provided the fundamental scale of gravity is as low 
as the electroweak scale. 
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